Abstract. Nowadays the issue of electric energy saving in public transport is becoming a key area of interest, which is connected both with a growth in environmental awareness of the society and an increase in the prices of fuel and electricity. It can be achieved by reducing of the transmission losses in supply system or by the improving of the usage of the regenerative breaking. The spatial differentiation of the energy supply system of public transport is one of the elements, which has significant impact on the energy consumption. Paper presents the theoretical analysis of the impact of supply system topology on the energy consumption and extensive measurement analysis realized in Gdynia (Poland) trolleybus system.
Introduction
The development of zero-emission public transport is one of the elements of the horizontal EU policy. Municipal transport is currently responsible for 40% of CO 2 emissions of the entire European road transport system. The transport sector is responsible for 30% of total energy consumption and 27% of greenhouse gas emissions. Greenhouse gas emissions must be reduced by 60% by 2050 (Falvo et al. 2011; Donno et al. 2012) . What is more, the instability of the prices of liquid fuels has an extremely negative impact on the economy. Therefore, it is becoming necessary to use more alternative energy sources in public transport (Kühne 2010; Gunselmann 2005 ).
An alternative to liquid fuels is electricity. Today, we can notice the increase in the popularity of cars and electric buses powered by automotive batteries; however, the most effective way of providing electricity to vehicles is still a unipolar overhead line, as is the case for rail vehicles, or a bipolar line in the case of trolleybus service. Unfortunately, a large part of Europe's electricity is obtained from thermal power stations, which are also a source of greenhouse gas emissions. For this reason, the development of electric means of transport is actively supported by the European authorities, as evidenced e.g. by the funding of initiatives that popularize ecological municipal transport systems from the Community budget. One such project is Trolley, which was implemented in 2010-2013 and was aimed at popularizing trolleybus service and developing energy-saving technologies applied therein. A similar project is the Actuate project, which aims to highlight the importance of how driving techniques can affect the energy consumption of electric transport and it aims to implement the ecodriving concept. Currently, a group of selected European cities is implementing the Dyn@mo project, whose aim is to develop modern, energy-efficient technologies in public transport. A program directed solely at the technical aspect of energy efficiency of tram service is Osiris, which involves transport companies and manufacturers of commonly used electrical equipment for trams (Połom, Palmowski 2009; Połom, Bartłomiejczyk 2011) .
Energy Efficiency of Electric Municipal Transport
One of the major advantages of electric traction is its lack of emission of atmospheric pollutants in the immediate vicinity, which is especially important under conditions of city traffic. However, a significant portion of the electricity is still produced in coal-fired thermal power stations and, therefore, the generation process is a source of air pollution. Therefore, an important issue related to reducing the emission of harmful gases into the atmosphere is to increase the energy efficiency of electric transport.
The total energy efficiency of electric transport consists of many factors, as shown in the diagrams in Fig. 1 .
Each of the steps of the generation and conversion of electricity involves losses. These arise in the production of energy in power stations, during transmission to the public power grid, during the processing stage at the traction substations that supply the overheads line and in the overhead lines themselves. In addition, the electric motors in the vehicles are also inefficient. An important element affecting the overall efficiency of transport is the recuperation of electricity, which recovers of a part of the electricity during vehicle braking and allows for its re-use.
The efficiency of electricity generation and transmission systems is the subject of many scientific publications dealing with power systems (Scarpellini et al. 2013; Sweeting et al. 2011; White 1982 ). The energy efficiency of the drive unit is also the subject of numerous studies and considerable research (Skibicki, Judek 2009; Jarzebowicz 2014 Jarzebowicz , 2011 Dolecek et al. 2012; Hrbac et al. 2014 Hrbac et al. , 2013 García et al. 2013) . It may be noted, that the efficiency of currently produced electric motors is close to the maximum from the technical point of view and further development of the motors will not substantially increase their efficiency. Similarly, the drive units used in currently manufactured electric vehicles have a high proportion of energy recovery during braking. Modern rectifier substations are equipped with highly efficient semiconductor rectifiers, so their impact on the overall efficiency of the power supply system is negligible.
The element that is the least frequently analysed in scientific research related to energy efficiency is the overhead lines and their supply system. The overhead lines generate losses during the supply of electricity from the traction substation to the vehicles. Moreover, the spatial structure of the power supply system has a major impact on the dispersed recuperation energy and is a key determinant of the extent of the utilization of the recouped energy. However, this fact is underestimated by experts who study the supply of municipal overhead lines. This results in power supply systems for tram and trolleybus lines that are designed and built without taking into account the need to minimize transmission losses in the line or increase the efficiency of recuperation. The impact of spatial conditions on energy is often downplayed. Most of the attention is given to the traction units or the energy efficiency in energy production and distribution in the public power grid. However, based on operational experience, transmission losses in the overhead lines can reach as high as 30%, and a poorly designed power supply system can significantly reduce the use of recovered energy. Issues, such as the spatial structure of the power supply system, division of the overhead lines into sections and the manner of supplying the sections are crucial when minimizing the energy consumption of public transport. Among experts, the importance of the topology of the power supply system with respect to the effective use of recuperation is underestimated. Often, supercapacitor banks are presented as the only effective solution for the efficient use of energy from regenerative braking and its use by other vehicles is marginalized. The aim of this paper is to analyse the influence of the spatial structure of the power supply system on electricity consumption in municipal overhead lines to show the importance of the topology of the power supply system in terms of energy (Hamacek et al. 2014) .
Chapters 2-4 show the effect of the spatial structure of the power supply system on energy consumption, while Chapter 5 presents the economic aspects of the construction of the power systems. A comparative analysis based on the calculations resulting from a simulation model of three power supply system options is presented in Chapter 6. Chapter 7 is devoted to studies measuring the effectiveness of regenerative braking. A trolleybus service system in Gdynia (Poland) was used for the conducting simulation and taking the measurements. Last chapter provides a summary and guidelines for the design, construction and modernization of power systems. 
The Structure of Power Supply Systems of Municipal Electric Traction
Trams and trolleybuses are supplied with direct power from overhead lines. The energy used to supply the municipal overhead lines is drawn from the public HV AC grid and is converted to DC in traction substations, where voltage reduction occurs. After transformation and rectification, the energy from traction substations is supplied into power supply points of the overhead lines using power cables -known as feeders. For aesthetic reasons, feeders are mostly located underground. The overhead lines are divided into traction power supply sections so that it is possible to turn off a part of the line while maintaining supply to the remaining part.
From the spatial structure point of view, three different power systems for trams and trolleybuses may be distinguished (Figs 2-4):
-central power supply; -unilateral decentralized power supply; -bilateral decentralized power supply. Central power supply originates from early electric municipal overhead lines, when the first tram systems were supplied from a single central power station (mostly steam, sometimes water stations). The development of public power systems contributed to the spread of traction substations supplied from the AC grid and converting it to DC, which was fed to the overhead lines. Traction substations, which were built until the 1960s, were equipped with mercury-arc rectifiers, which were associated with high construction costs and the need to ensure round-the-clock service. Therefore, the aim was to minimize the number of traction substations by maximizing their supply areas (Hamacek et al. 2014; Foiadelli et al. 2006; Iannuzzi et al. 2012; Barrero et al. 2008; Falvo, Foiadelli 2010) .
A feature of a central power supply is the existence of large substations (supplying up to 20-40 feeders, which cover large areas of power supply, and supply points are sometimes located very far from the substation (Fig. 2) . Feeders range up to 5 km in length, and their cross sections are up to 2000 mm 2 . Substations operating in a central system must provide an uninterruptible power supply, and hence they are powered by two lines from the grid and have at least two sets of rectifiers. Centrally-powered lines use unilateral power supply systems, i.e. each section of the power line is supplied from only one traction substation (Hamacek et al. 2014; Destraz et al. 2007) .
The invention of semiconductor rectifiers and advent of prefabricated power stations contributed to the spread of small-sized traction substations (Fig. 3) . As a result, the supply of overhead lines began to be decentralized. Under this system, substations are densely arranged (every 1-3 km) and are located in the direct vicinity of overhead line supply points. Substations are equipped with one set (of 1-3 feeders), and in many cases, are fed only by one MV line. Damage to the rectifier set or a power line turns off the entire substation, therefore, stand-by power supply is provided by supplying electricity from neighbouring substations and combining the sections of the overhead lines.
In a classic supply system, every section of the overhead line is powered by a single substation. Technical progress in remote control engineering systems and protection technology has enabled the spread of twosided power supply systems for overhead lines (Fig. 4) , wherein the sections of the line can be supplied by two or more different substations. This reduces the voltage drop in the overhead lines, and hence, reduces power transmission losses. Moreover, two-sided power supply allows for better energy recuperation (Hamacek et al. 2014) .
A comparison of the three power supply systems for overhead lines shall be discussed later in this paper.
Overhead Line Power Supply Systems vs. the Use of Recuperation Energy
All electrical machines are able to work in two directions of energy flow. In the case of traction motors, this means the possibility of work as electric generator during braking of the vehicle, which involves converting the vehicle's kinetic energy into electrical energy, thereby producing the braking torque. This energy was at first dissipated in braking resistors located in the vehicle. The development of electric drive systems, especially high-power semiconductor drives, resulted in the spread of recuperation in trams and trolleybuses. It involves the recuperation of electric energy during braking of the vehicle, and its subsequent re-use.
Another important issue is to ensure the conditions that allow for the use of electricity generated during braking. In a classic supply system, where substations are not equipped with energy-storing devices, the flow of recuperative braking current may take place in two ways:
-in the following path: vehicle-overhead line-vehicle, when the braking vehicle and starting vehicle are in the same power supply section (Fig. 5) ; -in the following path: vehicle-overhead linefeeder-busbars of the traction substation-feeder-overhead line-vehicle, when the vehicles are in two different power supply sections (Fig. 6 ).
In both cases, the recouped energy is absorbed by the second vehicle in the power supply section, i.e. the vehicle is in motion. However, in common situations in the power supply areas, there are no vehicles present that are able to absorb the energy. When this happens, the recouped energy is dissipated in the braking resistors. The result is under-utilization of the potential for recuperation.
The Importance of the Spatial Structure of the Supply System
Based on Chapters 2-3, where the spatial structure of the overhead line power supply system affects two aspects of energy consumption:
-energy transmission losses in the overhead lines; -the degree of utilization of regenerative braking. Transmission losses are dependent on the resistance of the conductor, or the power cables and the overhead lines. This in turn depends on their length. Any increase in the distance between substations and hence increased length of the power cables increases transmission losses. Thus, transmission losses in a central power supply system for overhead lines (Fig. 2 ) in which it is necessary to provide energy to supply points far away from traction substations, are greater than in decentralized power supply systems (Fig. 3) . A significant source of energy dissipation in a central supply system is the losses that occur in long power cables, whose length can be up to several kilometres. The issue of transmission losses is illustrated in Fig. 7 . The red circle indicates the area of supply of a small substation, and the blue area marks the space supplied by a large substation. A larger supply area means greater distances between the substation and the vehicles. This example marks the location of two vehicles at distances L 1 and L 2 from the substation. The L 2 distance is greater than L 1 , whereby the transmission losses will be greater in the second case. Thus, any increase in the size of the power supply area is associated with an increase in energy transmission losses.
The spatial structure of the supply system affects the efficiency of braking energy recovery. From the efficiency of recuperation point of view, it is important to ensure the largest possible number of potential consumers of recouped energy (other moving vehicles) and the possible paths of energy flow generated during braking, thus increasing the probability of finding a consumer for the recouped energy. This is illustrated in Fig. 8 , with two possible substation power supply areas -the smaller one marked with a red circle, and the larger one with a blue circle. During braking (the braking vehicle is marked in green and with the letter H) in the case of the small power supply area (the red circle), the recouped energy can be absorbed by only 3 vehicles. Increasing the supply area (the blue circle) increases the number of potential consumers to 7, which significantly increases the chance to use regenerative braking energy.
It can be argued that from the point of view of minimizing transmission losses, decentralized power supply systems in which the distances between the sub- supply is to have bilateral supply for the overhead lines (Fig. 4) . Due to the small distances between substations and the lengths of the power cables, energy transmission losses are low, while the connection of the supply areas of the individual substations enlarges the area where the recouped energy can flow and increases the number of potential consumers (Brenna et al. 2012a (Brenna et al. , 2012b Diez et al. 2012; Pohl 2014; Gerndt, Stellmacher 1989) .
The Economic Aspects of the Spatial Structure of the Supply System
The cost of construction of a power supply system includes:
-the cost of construction of traction substations; -the cost of connecting the substation to the public power grid; -the cost of construction of power cables. Until the 1970s, traction substations were equipped with mercury-arc rectifiers, which was associated with significant construction costs and the need to ensure continuous service. For financial reasons, it was necessary to reduce the number of traction substations, which resulted in the popularization of central power supply systems.
The introduction of semiconductor rectifiers, the development of substation automation systems and modular container structures significantly reduced the cost of construction and operation of substations. With decentralized power supply systems, it is necessary to build a greater number of substations; however, due to the smaller distance between the substations, there is the possibility of redundancy of power between substations in the event of failure of one of them. With central power supply systems, there is no possibility of providing an emergency supply within the area of one of the substations from an adjacent one. Therefore, the requirements for the reliability of the substation in a decentralized supply system are less stringent than in the case of central systems, making it possible to simplify their design. This results in a reduction of construction costs. Similarly, with decentralized power supply systems, the cost of connection to the public power grid is lower. Due to their high reliability requirements, central substations must be supplied from at least two separate high-voltage power lines. The small-sized substations in decentralized supply systems allow for abandoning that requirement and for supplying the substation from only one line, thus reducing the construction costs of the power supply system.
An important cost component of supply system construction is the value of installation of feeders, including the value related to the occupation of plots and the difficulty of access in areas with high population density and massive underground infrastructure. Increases in prices of raw materials and the cost of construction means that for centralized systems, the cost of laying power cables may exceed the cost of construction of the substation. From this point of view, decentralized systems, in which the DC cable systems are minimized, are more advantageous. From the operational point of view, one disadvantage of centralized power systems is the cost associated with maintaining the extensive cable network. Feeders of municipal transport systems are located in dense urban areas, so they are exposed to damage during the later installation of new technologies and investments. What is more, due to the considerable degree of development in urban areas, the cost of removing damaged power cables is high. It should be noted that with decentralized power systems, the costs associated with the operation of cable networks are much lower. Table 1 shows a summary comparison of the advantages of both power supply systems for overhead lines. Under the present circumstances, from the economic point of view, the costs of construction and operation of decentralized systems are lower than that for central systems.
A Comparative Analysis of Municipal Overhead Line Supply Systems
Trams and trolleybuses are widespread means of transport in Europe. Different historical, technical and economic conditions in different countries have resulted in the existence of different solutions for public transport electric power systems. This is evident in the different structures of the power supply systems. A characteristic feature of the former Eastern Bloc countries (Poland, Czech Republic, Slovakia, countries of the former Soviet Union) is central power supply systems, while in Western Europe, the majority of tram and trolleybus services is powered in a decentralized manner. The spread of electricity banks is widely seen, but their use differs in different cities. For this reason, it is reasonable to make a comparative analysis of the different variants for supplying power to overhead lines.
A comparative analysis has been made using a fragment of the trolleybus service in Gdynia. The subject of the analysis is the supply area of the Chwaszczyńska traction substation. This substation is used to supply the hilly areas of the town, which promotes increased use of regenerative braking. Three different options of the power supply system are compared:
-option I: the supply area of the Chwaszczyńska substation (Fig. 2 ) in a central system; -two hypothetical modifications to the power supply area that uses a decentralized system, in which power is supplied from four substations instead of one:
-option II: in a unilateral power supply system (Fig. 3) ; -option III: in a bilateral power supply system (Fig. 4) . Comparative studies were carried out by simulation analysis. The simulation of public transport supply system service was conducted using the Monte Carlo method (Hamacek et al. 2014) .
The Monte Carlo method is based on the continuous repetition of a statistical experiment, which performs an analysis of the condition of the object using random input factors. The result is a distribution of probability of the output variable. The simulation model is based on the following input data:
-trolleybus timetables; -deviations in the implementation of timetables that are designated using studies of punctuality of public transport conducted by Zarząd Komunikacji Miejskiej w Gdyni; -trolleybus velocity profile -the relationship between the expected speed of vehicles and their location; -traction characteristics of trolleybuses. A histogram of the probability of the number of vehicles located within a power supply section at the same time was established using timetables and deviations from their implementation. The velocity profile, i.e. the relationship between the location of vehicle s and its expected velocity v(s) was the basis for determining the probability distribution of the location of individual vehicles along the power supply section. This probability p(s) was inversely proportional to the expected velocity at a given location. The operating status of the drive unit and then the trolleybus current were determined using the derivative of the velocity profile. The currents and voltages in the power supply system were calculated iteratively using the node-voltage analysis until reaching the convergence of voltages V in the calculation model. Fig. 9 provides a simplified diagram of the simulation model.
Using the Monte Carlo simulation method, the energy calculations of the power supply system of Chwaszczyńska substation were calculated in the three presented options. The simulation was conducted using actual (as of May 2014) trolleybus timetables, so it was assumed that five lines with the following numbers were in service in the analysed area: 23, 24, 27, 29 and 31. The Table 1 . The advantages of central and decentralized power supply systems
Central system
Decentralized system -smaller number of objects in operation; -the need to order less power from substations than in a decentralized system, which translates into lower electricity charges; however, this factor depends on the individual manner of paying for charges for ordering power.
-lower costs of construction and operation of cable networks; -simpler construction of the substations; -no problems associated with maintaining extensive cable networks; -greater flexibility of the supply system, since the failure of a substation causes less turbulence than in the case of 'large' substations; -easier design and construction process due to the significant unification of the substations; -easier to make repairs to the substations due to the possibility of switching off one substation.
calculations also assumed that all trolleybus lines had Solaris Trollino 12 trolleybuses equipped with a drive system with an asynchronous 175 kW motor and having the technical capability to transfer regenerative braking energy to the overhead lines. The velocity profile was based on the current timetables and road speed limits. Table 2 shows a comparison of the energy and economic parameters of each of the three options for supplying power supply to the overhead lines. Fig. 10 presents the hourly electricity transmission losses in the overhead lines and the recovery of braking energy in the analysed supply area. In addition, the maximum potential for generating regenerative braking energy was indicated.
The conducted simulation studies confirm the characteristics of the central and decentralized supply systems as specified in Chapters 2-4. Energy transmission losses in the supply network were much higher in the central system. Attention should be given to the nearly 30% figure in the central supply system (Table 2) . However, these losses are compensated for by better use of energy recovery during braking (Fig. 10) ; resulting in the total energy consumption in option I being less than in option II. As expected, bilateral power supply combines the advantages of the centralized and decentralized systems. Transmission losses in option III are the lowest, while the utilization rate of recuperation is close to the central system. Fig. 10 also indicates the maximum obtainable braking energy recovery potential. It should be noted that the corresponding topology of the power supply system allows for using more than 80% of the energy generated during braking. Thus, in many cases, providing a distinguished spatial structure of the supply system can provide effective recuperation similar to the banks, with much lower investment costs. Table 2 also shows a comparison of the estimated cost of construction of the power supply systems (of the substation and feeders). The calculations are based on the following economic assumptions (Połom, Palmowski 2009; Połom, Bartłomiejczyk 2011) :
-the cost of construction of a substation for a central supply system: PLN 3 million; -the cost of construction of a substation for a decentralized supply system: PLN 1 million; -the costs of laying 1 km of a bipolar cable line: PLN 240 thousand. Implementing option I requires the construction of one substation and laying 17.5 km of cable lines. For options II and III, it is required to construct four substations and lay 4.5 km of cable lines.
As expected, the costs for construction of decentralized systems are lower than central systems. A graphical comparison of the costs of construction of the supply system options, broken down into components, is shown in Fig. 11. 
Measuring the Recuperation Utilization Level
During braking in diesel-engine traction units, the vehicle's kinetic energy is lost in mechanical brakes, converted into heat and dissipated. Therefore, it is irretrievably lost. In electric vehicles, thanks to recuperation, it is possible to convert the kinetic energy into electrical energy and re-use it. Fig. 12 presents a diagram of the energy flow during the braking of an electric traction unit. During braking, the traction motor TM switches into generator mode and a transformation of the kinetic energy E k of the vehicle into electrical energy takes place, which can then be returned to the overhead lines. However, in order to return electric energy into supply system it is necessary to generate voltage higher than it is in the overhead lines. For this purpose, during braking, the traction controller TC increases the voltage generated by the traction motor. First, the energy E gen generated in the drive unit by the braking inverter is directed into the overhead lines. In the absence of reception of the braking energy E rec , voltage in the overhead lines U CN on the vehicle's current collector exceeds the maximum recuperation voltage U max . This triggers the braking converter BC, which directs the energy generated in the drive unit to the braking resistor. This energy is dissipated as heat. In networks with a rated voltage of 600 V, the upper limit voltage U max is assumed to be 770 V. The worse the conditions for recuperation, i.e. there are no consumers in the overhead lines that can absorb the recuperation energy E rec , the more likely the braking converter BC switches on the braking resistor BR. Therefore, exceeding the overhead line voltage U ST and the related activation of the braking resistor BR, is evidence of a lack of reception of the generated recuperation energy and can be used as indicators for assessing the degree of recouped energy utilization. The more often that voltage in the overhead lines is exceeded and the more often the braking resistors are switched on, the less energy is used for recuperation. In other words, the greater is the unused potential to increase the energy efficiency of the supply system.
As already indicated, the power supply system structure has a major impact on the degree of using recouped energy. To verify the influence of the spatial structure of the supply system on the use of recuperation in the Gdynia trolleybus service, utilization measurements of the use of recovery during braking were conducted.
The selection of indicators for assessing the degree of utilization of regenerative braking is important. To a large extent, it depends on the technical measurement capabilities. During the taking of these measurements, three indicators were selected as indicators of the recuperation's effectiveness:
-the effectiveness of recuperation in supply areas of individual substations, defined as the ratio of energy returned to the overhead lines and the total energy consumed; this indicator is determined based on measurements taken in the vehicles; -the relative braking resistor switch-on time in vehicles in the areas of supply of individual substations; this indicator is determined based on measurements taken in the vehicles; -the relative time of exceeding 770 V at the traction substations' busbars, which means a lack of consumers for the generated braking energy; this indicator was determined based on measurements taken at the traction substations. The first factor determines the current level of utilization of recuperation. The second factor is a measure of the unused recuperation potential -switching of the braking resistor demonstrates a lack of acceptance for the generated energy and its loss, and thus provides insight on how to possibly improve energy efficiency. Similarly, the third factor provides insight on the existing potential to increase the efficiency of regenerative braking. In 2011-2013, measurements were taken in the Gdynia supply system. The measurements were taken for traction substations and trolleys. For the purposes of measurement, an on-board system of registration of the energy consumed was used along with the recorded GPS positions over time. This allowed for the identification of precise energy consumption in each supply section.
During the measurements, the following quantities were noted, which enabled the determination of the value of recuperation effectiveness indicators:
-in traction substations: -feeder voltages and currents; -voltages of busbars in traction substations; -in vehicles:
-voltage and current of the traction drive; -voltage and current of auxiliary equipment; -braking resistor switch-on time; -voltage on the vehicle's current collector. The results of the calculations are based on measurements taken between December 2011 and November 2012, with the winter period being the months of January to February, and the months of July to August as the summer period.
Figs 13-15 show a comparison of the relative time for exceeding 770 V at the substation busbars, the relative time of the braking resistor switch-on time and the efficiency of recuperation in the power supplies of the individual traction substations. The frequent occurrence of resistor braking is visible in the supply areas of the smallest substations, i.e. TS9 and TS7. Also notable is the significant difference between the time of resistive braking and days of the week, which results from the lower frequency of vehicle runs and the larger number of vehicles equipped with recuperation during Saturdays and Sundays. The effectiveness of regenerative braking (Fig. 15) is by far the smallest in substations TS7 and TS8. It should be noted that although the effectiveness of regenerative braking in the area of TS9 (Fig. 15) is relatively high, approximately 30%, it frequently exceeds the overhead line voltage and frequently switches on the regenerative braking resistor (Figs 13-14) . This demonstrates high potential opportunities (the mountainous nature of the route) for increasing the use of recuperation in the substation supply area.
The next stage of the research was to analyse the spatial characteristics of regenerative braking. For this purpose, the relative time of regenerative braking resistor switch-on time at different points of the overhead lines was analysed. The results of this analysis are shown in Figs 16-17 with maps of resistive braking intensity during summer and winter. The intensity of the colour and thickness of the line are dependent on the relative resistive braking switch-on time.
The first thing to pay attention to is the increased use of energy from regenerative braking (smaller relative braking resistor switch-on time) in the summer and winter. This is the effect of higher energy consumption in the winter, which creates better conditions for the flow of regenerative braking energy at the vehicle-vehicle path. However, a key finding is the spatial differentiation of the nature of regenerative braking. Similarly to the previous part of this analysis, the poor use of energy recovery is clearly visible in the TS7, TS8 and TS9 substations. This is the result of low traffic in the supply areas of the listed substations and the mountainous nature of TS9. It should be noted, that resistive braking occurs in the western part of supply section 9/1, which includes steep access. In the eastern, flat part, resistor braking is much less visible. For other substations, the areas where braking to the resistor occurs are much smaller, which indicates a much better use of energy recovery. An important observation is the significant relationship between the spatial nature of the resistor braking and the factors affecting road traffic. Less important, however, is the relationship between the spatial nature of resistor braking and the electric parameters of the supply area. The first relationship is expressed in the overlapping of areas in which the operation of the braking resistor is more common, with areas of heavy traffic, i.e. mainly crossroads. In Figs 16-17 , the areas of frequent resistive braking are random and coincide with the location of major intersections in the city. This results in frequent braking in those areas, which results in a higher probability of braking to the resistor. During regenerative braking on the vehicle-vehicle path, the energy flows through the overhead lines. These lines have unit resistance, which provides resistance for electrical current flow and hinders the recovery of braking energy. Therefore, one would expect that with increasing distance from the supply point, the conditions for energy recovery are worse, and therefore, the areas of resistor braking are more visible. However, the conducted analysis does not confirm this hypothesis. For example, both in summer and winter, in the power supply section numbered 1/6, the areas with the most frequent occurrence of resistor braking are located at the power supply point; moreover, this section is powered with a short feeder that is only 200 meters long. From the resistance of the power grid point of view, the conditions for receiving recouped energy should be the best. This indicates the small relative value of recuperation energy transmission losses. This argument emphasizes the importance of the use of braking energy in the vehicle-vehicle path and the need to increase it through the appropriate supply system structure.
Conclusions
The conducted analysis shows the importance of the spatial structure of the municipal transport overhead line's power supply system. This affects both transmission losses and the effective use of regenerative braking. In addition, the costs of construction and operation of the power supply system are dependent on the spatial aspects of the supply system.
The measurements taken and simulation conducted indicate a strong relationship between traffic conditions, the spatial structure of the supply system and the efficiency of the use of regenerative braking. A key element in determining the effective use of recuperation is the topology of the overhead lines. For supply areas with a significant number of vehicles, i.e. with high traffic volume or high intensity, the use of braking energy in the vehicle-vehicle path is very visible. Parts of the power supply system with low traffic intensity create poor conditions for the use of regenerative braking, which results in a frequent loss of energy in braking resistance. It should be noted that the braking energy flow in the vehicle-vehicle path is the cheapest and most effective way to use recuperation in vehicles -much cheaper than the use of banks or substation inverters.
Newly-built power supply systems should use a bilateral, decentralized overhead line power supply system. Such systems have the lowest energy transmission In many cases, this degree is sufficient enough so that it is unnecessary to have additional recuperation energy storage equipment, e.g. supercapacitor banks. Under the current economic conditions, a decentralized system is also the cheapest in terms of both construction and operation. The use of central systems should be limited to areas where, due to dense development, there are significant problems with locating new substations.
With already-existing overhead power systems, it is recommended to measure the degree of utilization of recuperation and the level of voltage in the overhead lines, similar as was outlined in Chapter 7. This will allow for assessing the current state of the power supply system and become the basis for the possible reconstruction and eco-configuration of the supply system, which will facilitate the flow of energy from regenerative braking. This can be achieved by introducing a bilateral power supply system on a local scale, i.e. by combining the boundaries of adjacent sections supplied from different substations. For example, with the Gdynia trolleybus service (Figs 16-17 ), local bilateral supply should be introduced between sections 3/2 and 2/3. The adjacent boundaries of those sections present frequent switching of the braking resistor, which means the under-utilization of recovered energy. Bilateral power supply should also be introduced for small substations supplying small supply areas, which will both increase the use of recuperation and decrease losses in the supply system. This is particularly important in suburban lines, which are often powered by small traction substations. Low traffic intensity and a small number of hold-ups creates a low potential for energy recovery, the effect of which is the unprofitable use of supercapacitor banks. Bilateral power supply allows for an increase in recovery efficiency and improved supply conditions at a minimal cost.
In the Gdynia trolleybus service (Figs 16-17) , it is advisable to implement bilateral power supply in the area of substations No. 7 and 8, by joining sections 7/2-8/1 and 6/3-7/1. Under the existing centralized power supply systems, it is also advisable to connect some adjacent power supply sections fed from a single substation, through which a two-point supply will thus be obtained. This will shorten the path of current flow by bypassing the feeders. Table 3 shows a summary of the main measures for the reduction of energy consumption in municipal transport by changing the spatial structure of the power supply system.
In areas with higher generation of regenerative braking energy, e.g. mountainous areas, it is advisable to use supercapacitor banks or substation inverters. However, as demonstrated by the studies, in the case of standard transport systems, the right power supply system structure can create conditions for the almost total use of recuperation energy. Many experts note the overestimation of the role of energy storage banks in reducing the energy intensity of electrified municipal transportation. Similar results can be obtained with much less financial investment by ensuring the appropriate spatial structure of the power supply system.
This study provides an important contribution to the issues of traction power engineering through the analysing the impact of the spatial structure of the overhead lines' power supply on the efficiency of urban electric traction. The study complements existing research in the energy consumption of rolling stock and public power systems.
This research was carried out for a trolleybus service; however, it is expected that the phenomena present in power supply systems of other rail vehicles, especially tram networks, would be similar. The proposed procedure is recommended for implementation in every city interested in increasing the efficiency of their electric transport. Table 3 . The main measures related to reducing energy consumption in municipal transport by changing the spatial structure of the supply system Designed power supply systems Existing supply systems -introduction of a bilateral, decentralized power supply system; -avoiding too dense division of the overhead lines into the supply sections.
-conduct of a measurement analysis of the recuperation utilization level; -introduction of bilateral power supply at the local level in central systems; -introduction of bilateral power supply in existing small-sized substations; -introduction of a two-point power supply; -increasing the length of the supply system by combining several sections.
